Introduction
The enteric nervous system (ENS) resembles the CNS structurally and is able to control gut behavior in the absence of CNS input (Gershon and Tack, 2007) . In contrast to the highly protected CNS, the ENS is exposed and subject to injury. Replacement of enteric neurons would thus seem to be important. The birth of enteric neurons has been demonstrated by pulse-chase administrations of tritiated thymidine ( 3 H-dT) or its analogues 5-bromo-2Ј-deoxyuridine (BrdU) to occur between embryonic day 8.5 (E8.5) and postnatal day 21 (P21) (Pham et al., 1991) . Enteric neuronal stem cells, however, have been reported to be present in the postnatal murine bowel Kruger et al., 2002; Heanue and Pachnis, 2007) . Although these cells would seem to be a potential source of new neurons, single pulses of BrdU have not been able to demonstrate birth of neurons in the adult ENS.
The bowel contains an extraordinarily high concentration of serotonin (5-HT) (Erspamer, 1966) ; moreover, the ENS expresses multiple 5-HT receptor subtypes, which regulate gastrointestinal (GI) motility and secretion (Galligan and Parkman, 2007) . 5-HT has also been linked to the pathophysiology of irritable bowel syndrome and chronic constipation (CC), which can be treated with 5-HT 4 agonists (Gershon and Tack, 2007) . These compounds presynaptically enhance secretion of acetylcholine and calcitonin gene-related peptide, increase the amplitude of EPSCs, and strengthen neurotransmission in prokinetic pathways. CC, however, is associated with an age-related decline in neuronal numbers (Camilleri et al., 2008) ; therefore, if 5-HT 4 agonists were to counteract this decline, that might contribute to their efficacy in the treatment of CC. 5-HT 4 receptors appear early in fetal life and are abundant in the ENS (Gershon and Ratcliffe, 2006) . 5-HT 4 receptors are coupled to Gs, and increase cAMP (Dumuis et al., 1989a,b; Bockaert et al., 2004 Bockaert et al., , 2008 . Stimulation of 5-HT 4 receptors has been shown to stimulate neurogenesis in the hippocampus and to produce antidepressant-like effects (Lucas et al., 2007) .
We tested the hypotheses that 5-HT 4 receptors enhance survival and/or neurogenesis in the adult ENS in vivo. We show that, in wild-type (WT) mice, relative numbers of enteric neurons increase through 4 months of age but decline thereafter. In mice lacking 5-HT 4 receptors [knock-out (KO)], however, the early increase fails to occur and the later decline is more severe. 5-HT 4 receptors specifically protect cultured enteric neurons from apoptosis and also activate cAMP response element-binding protein (CREB). 5-HT 4 agonists promote the generation of enteric neurons in adult WT mice but not in their KO littermates. This is the first demonstration of the mobilization of progenitor cells in vivo to give rise to neurons in the adult ENS.
Materials and Methods
Animals. The 5-HT 4 KO and WT mice (SvEv129) were bred at Columbia University and some WT mice were purchased from Charles River Laboratories. The generation and characterization of 5-HT 4 KO mice has previously been reported . Genotypes were determined by PCR analysis of mouse tail DNA. Exposure to CO 2 was used for killing. Procedures and care followed guidelines of the National Institutes of Health and were approved by the Animal Care and Use Committee of Columbia University.
Gastrointestinal motility. Animals were starved overnight (Ͼ16 h) and deprived of water for 2 h before each experiment. Dextran (6.5 mg/ml) conjugated to fluorescein or rhodamine B (70,000 M r ; Invitrogen) was dissolved in saline and administered by gavage in a volume of 0.1 ml. The bowel (stomach to colon) was removed 20 or 45 min after gavage. The stomach was examined as a unit; the small intestine was divided into 10 equal segments. The cecum was separated from the rest of the colon, which in turn was divided into proximal and distal halves. Each segment of gut was placed in 4 ml of filtered 0.9% NaCl and shaken vigorously for ϳ1 min to remove luminal contents. The resulting suspension was clarified by centrifugation (2700 rpm; 20 min; 4°C), and its fluorescence intensity was measured in duplicate aliquots. The total amount of fluorescent dextran recovered from each mouse was determined. The proportion of the total remaining in the stomach when the mouse was killed was then used to calculate gastric emptying (GE), which was defined as follows: % GE ϭ [(total fluorescence recovered Ϫ residual fluorescence in the stomach) Ϭ (total fluorescence recovered)] ϫ 100%. To estimate small intestinal motility, the geometric center (GC) of fluorescence intensity in the small intestine was measured. For this purpose, the total of the measured intensities of fluorescence () in each segment of small intestine was calculated. The geometric center was defined as follows: GC ϭ [⌺ ( ϫ segment number)] Ϭ total fluorescence recovered in small intestine. Gastric emptying and the GC of small intestinal fluorescence were calculated for 5-HT 4 KO mice and their WT littermates, which served as matched controls. In no experiment did significant quantities of fluorescent dextran reach the colon.
Immunocytochemical procedures. Small and large intestine were removed and fixed with 4% formaldehyde (from paraformaldehyde) in 0.1 M phosphate buffer, pH 7.4. Laminar preparations were dissected and analyzed as whole mounts of longitudinal muscle with adherent myenteric plexus (LMMP). Endogenous peroxidase activity was blocked by incubating preparations with 3% H 2 O 2 for 20 min at room temperature. Endogenous biotin was blocked with a commercial streptavidin/biotin blocking kit (Vector Laboratories) according to manufacturer's instruction. For chicken antibodies, nonspecific staining was blocked with BlokHen II (diluted 1:10 in PBS; 20 min; room temperature; Aves Labs). Incubation with blocking solution (45 min at room temperature), primary or secondary antibodies was performed in PBS with 10% normal horse serum (NHS) (Invitrogen) and 1% Triton X-100 (0.3% for cultured cells). Primary antibodies were applied overnight (Ͼ16 h) at room temperature (Table 1) . After washing with PBS, sites of bound primary antibodies were detected by incubation with secondary antibodies (Table  2) for 3 h at room temperature. Control sections were incubated only with secondary antibodies. Bisbenzimide (Sigma-Aldrich; 1 g/ml in distilled H 2 O for 1 min at room temperature) was used to stain DNA. After immunostaining, preparations were washed with PBS and mounted in fade-resistant media (Vectashield; Vector Laboratories).
Slides were examined with a Leica DMR RXA2 microscope equipped with a cooled CCD camera (Retiga EXi; QImaging) and computerassisted video imaging system programs (OpenLab 5 and Volocity 5; Improvision). Measured parameters were quantified with computer assistance using the ImageJ program (W. S. Rasband, ImageJ, National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/; 1997-2007). Contrast of digital images was adjusted using Adobe Photoshop software (Adobe Systems), which were also used to arrange images in figures. No other image manipulations were used.
Isolation of enteric crest-derived cells and adult myenteric neurons. All enteric neurons and glia are derived ontogenetically from the neural crest (Le Douarin and Kalcheim, 1999) . Crest-derived cells migrate to and colonize the fetal gut. Crest-derived cells were p75 NTR -immunoselected from fetal bowel (Pomeranz et al., 1993) , and the isolated crest-derived cells then give rise to enteric neurons and glia in vitro. Fetal mouse intestines (E12) were obtained from WT mice, removed by dissection in 0.357% HEPES-buffered HBSS, pH 6.2 (Invitrogen), and pooled. The intestines were then dissociated with collagenase A (1 mg/ml; Roche Diagnostics; catalog #11088785103) in HBSS for 30 min at 37°C water bath, triturated, and centrifuged at 1000 rpm for 3 min to collect cells. The pellet was suspended with 10% heat-inactivated horse serum in Neurobasal medium (Invitrogen) and incubated with rabbit polyclonal antibodies to p75 NTR on ice for 1 h with gentle agitation. After centrifuging and washing with Neurobasal medium, the pellet was resuspended and incubated with goat antibodies to rabbit IgG, which were coupled to magnetic microbeads (50 l per 10 7 cells; Miltenyi Biotec). Incubation was performed in a degassed Neurobasal medium with 0.5% BSA (Sigma-Aldrich) for 15 min at 4°C. The antibody-decorated cells were then passed through columns (Miltenyi Biotec) in a magnetic field according to the manufacturer's directions. Crest-derived cells are retained on the column and non-crest-derived cells pass through. The magnetic field was then removed; the crest-derived cells were flushed from the column in degassed Neurobasal medium and grown in culture. Cells were plated at densities of 1.0 ϫ 10 5 cells/ml in Neurobasal medium supplemented, for plating overnight, with 10% heat-inactivated horse serum. The cells were finally cultured in serum-free feeding medium.
Methods for culturing neurons from the ENS of adult mice have been described previously (Liu et al., 2002) . Briefly, the LMMP was dissected from the intestines of adult male mice (at the age of 6 -8 weeks). The preparations were pooled and dissociated with collagenase (1.5 mg/ml; Worthington Biochemicals; catalog #LS004204) in Krebs' solution (in mM: 121.3 NaCl, 5.95 KCl, 14 .3 NaHCO 3 , 1.34 NaH 2 PO 4 , 1.2 MgCl 2 , 2.5 CaCl 2 , and 12.7 glucose, pH 7.4) at 37°C for 60 min. The digested tissue was triturated and centrifuged at 2100 rpm for 5 min at room temperature to collect cells. The pelleted cells were resuspended in plating medium [10% heat-inactivated fetal bovine serum in DMEM/F12 (Invitrogen)] and plated at densities of 1.5 ϫ 10 5 cells/ml. After 6 h, the medium was changed to serum-free feeding medium.
Neuronal culture. Enteric neurons were isolated from fetal and adult bowel and cultured at medium density. Suspended cells were plated on 12 mm round coverslips (Warner Instruments), 16-well glass chamber slides (Nalge Nunc), or flat-bottomed 96-well dishes (Corning Life Sciences) coated with poly-L-lysine HBr (20 g/ml; Sigma-Aldrich) and Matrigel (1:10 dilution; BD Biosciences). The serum-free feeding medium consisted of Neurobasal for prenatal or Neurobasal A for adult neural cultures, supplemented with B27 (1:50 dilution; Invitrogen), L-glutamine (0.1 mg/ml; Invitrogen), epidermal growth factor (EGF) (20 ng/ml; Alomone Labs), basic fibroblast growth factor (bFGF) (20 ng/ml; Alomone Labs), and 1% penicillin/streptomycin/antimycotic (Invitrogen) and gentamicin (50 g/ml; Invitrogen). Cells were incubated at 37°C in 5% CO 2 and fed every 2 d until used for experiments. After experimental procedures, cultures were fixed for 20 min and processed for immunostaining and/or in-cell ELISA (used triplicate samples).
Cultures of p75 NTR -immunoselected cells were allowed to rest under basal conditions for 2 d. The media were then supplemented with 5-HT 4 receptor agonists [1-(4-amino-5-chloro-2-methoxyphenyl)-3-[1-2-methylsulphonylamino)ethyl-4-piperidinyl]-1-propanone hydrochloride (RS67506) or tegaserod] in concentrations of 0.1, 1.0, 10, and 100 nM, and the cells were cultured for an additional 48 h. EGF and bFGF were omitted from the medium. Other cultures were treated with a 5-HT 4 antagonist [1-methyl-1 H-indole-3- 
10 nM], which was added by it or together with 5-HT 4 agonists. After 2 d of incubation with 5-HT 4 agonists and/or GR113808, cells were rinsed in PBS and fixed immediately with 4% formaldehyde (from paraformaldehyde) for immunocytochemical analyses with antibodies to ␤3-tubulin.
Cultures from adult bowel were allowed to rest under basal conditions at 37°C for 2 d. They were then transferred to Opti-MEM I medium (Invitrogen) and starved for 12-16 h. On the day of experiment, the medium was supplemented with 5-HT 4 receptor agonists (RS67506 or tegaserod) in concentrations 0.1, 1.0, 10, and 100 nM. When responses to potential inhibitors were to be studied, the experimental compound was added by itself or together with the 5-HT 4 agonists. When combined, the antagonist was applied 30 min before the addition of 5-HT 4 agonists and the incubation was terminated after an additional 20 min. The potential inhibitors investigated included the 5-HT 4 antagonists, GR113808 or (1-butyl-4-piperidinyl)methyl-8-amino-7-chloro-1,4-benzodioxane-5-carboxylate hydrochloride (SB204070) (10 nM). Cells were rinsed with PBS and fixed for 20 min with 4% formaldehyde [supplemented with a phosphatase inhibitor mixture (Roche)]. Cultures were analyzed for phosphorylated CREB (pCREB) either by immunocytochemistry or by means of in-cell ELISA (FACE Maker; Active Motif), used according to the manufacturer's recommendations.
Cell death assay. The terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was used to detect apoptosis in vitro. The in situ cell death fluorescein detection kit from Roche was used for TUNEL assays according to the manufacturer's directions. Neurons were marked first by immunostaining ␤3-tubulin and the TUNEL assay was performed afterward. When the TUNEL analysis was to be applied to whole mounts, the preparations were first permeabilized with proteinase K (20 g/ml in PBS; Roche) for 15 min at 37°C. Counts were normalized to the total number of cells, which was determined by counting bisbenzimide-stained nuclei.
Electron microscopy. Colons were removed from mice (at the age of 6 -8 weeks), which had been perfused with a mixture of 4% formaldehyde (from paraformaldehyde), 2.5% glutaldehyde, and 1.25 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.2. Segments of colon were postfixed with 4% osmium tetroxide, washed, and stained en bloc with 2% uranyl acetate in 70% ethanol. The blocs were then dehydrated, cleared with propylene oxide, and flat embedded in Epon 812 (Electron Microscopy Sciences), which was polymerized at 60°C. Ultrathin sections were collected on Formvar-coated nickel grids, stained with uranyl acetate and lead citrate, and examined with a JEOL 1200EX electron microscope.
Detection of newborn neurons in vivo. A micro-osmotic pump (Alzet; catalog #AP-1007D; Durect Corporation), surgically implanted into the abdominal cavity of mice, was used to deliver BrdU diluted from a stock solution of BrdU, which dissolved in alkaline saline (15 mg/ml BrdU in 0.007N NaOH/0.9% NaCl; Millipore). BrdU was infused at a rate of ϳ30 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 for 7 d and was applied in the absence (vehicle control) or presence of tegaserod or RS67506 (11.4 fmol/d), which were dissolved in dimethyl sulfoxide (DMSO) and diluted in saline. Tegaserod or RS67506 were also given in the animals' drinking water (100 nM) during the post-BrdU chase (for as long as 10 weeks). To identify cells that incorporated BrdU, type-specific antibodies were applied before antiBrdU (Table 1 ). The primary marker used to demonstrate cells differentiating in a neuronal lineage was antibodies to HuC/D. Antibodies to the neuronal nuclear protein (NeuN), which are often used for this purpose in the CNS, in which these antibodies label the nuclei of mature neurons (Mullen et al., 1992; Wang et al., 2008) , cannot be used as a general neuronal marker in the ENS; NeuN is not expressed by all enteric neurons (Chiocchetti et al., 2003; Van Nassauw et al., 2005) . DNA was denatured in whole mounts of tissue with 0.1N HCl (37°C for 5 min), followed by neutralization with 0.1 M sodium borate buffer, pH 8.5 (5 min), washing with PBS (three times), incubation with DNase-1 (GE Healthcare) with antibodies to BrdU for 1 h at room temperature. Subsequent steps included washing three times with PBS, blocking (30 min), and incubation with appropriate secondary antibodies. PBS, with added 10% NHS, 5% fetal calf serum (FCS) (HyClone), and 1% Triton X-100, was used for blocking and incubation with antibodies. BrdU was also quantified in cells freshly isolated from LMMP preparations dissected from the same animals that were used for immunocytochemical analyses. LMMPs were pooled, dissociated with collagenase, and cultured overnight, and in-cell ELISA (Biotrak Cell Proliferation ELISA kit; GE Healthcare) was used to measure the total amount of incorporated BrdU. Triplicate samples were assayed.
Protein extraction and immunoblots. Tissues were isolated and frozen immediately in liquid N 2 and stored at Ϫ80°C. Frozen samples were thawed and homogenized in ice-cold lysis buffer, containing 20 mM TrisHCl, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 1 mM dithiothreitol (Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), and protease inhibitor mixture with 1 mM EDTA (Roche). The resulting homogenates were then passed several times through a 22 gauge needle and incubated for 15 min on ice. The lysate was centrifuged at 13,000 rpm for 15 min at 4°C and the protein content of the supernatant was quantified (Bradford protein assay; Bio-Rad). Membrane proteins were extracted by using ProteoExtract kit (EMD Chemicals). Aliquots containing 20 g of total protein were diluted with 6ϫ Laemmli sample buffer, boiled for 5 min, loaded onto a 4 -20% polyacrylamide gel (Pierce), and subjected to electrophoresis along with the prestained Precision Plus Blue Standard (Bio-Rad). The separated proteins were immobilized by electrotransfer to nitrocellulose membranes (0.2 m pore; Li-Cor; Li-Cor Biosciences). After blocking nonspecific binding sites with 5% nonfat dry milk solids (Bio-Rad) in Tris-buffered saline (TBS), pH 7.4, for 1 h, membranes were incubated with 5% FCS in TBS with 0.1% Tween 20 (TBST) for 30 min at room temperature, and probed overnight at 4°C with primary antibodies (Table 1) . After three washes in TBST, secondary antibodies (0.2 g/ml) ( Table 2 ) were applied at room temperature for 1 h, followed by three washes in TBST and two washes in PBS. All incubation steps with primary or secondary antibodies were performed in TBST with 5% FCS. An infrared imaging system (Odyssey; Li-Cor) was used to examine the immunoblots. Relative signal intensity was quantified with NIH ImageJ software.
Optical measurements and analysis. Measured parameters were quantified with computer assistance using the ImageJ program to count neurons and measure Feret's diameters. Feret's diameter is defined as a microscopic term applying to the measured distance between theoretical parallel lines that are drawn tangent to the particle profile and perpendicular to the ocular scale. A simple way to explain Feret's diameter is that it is the longest distance between any two points along the region of interest boundary, also known as maximum caliper (ImageJ program; http://rsb.info.nih.gov/ij/). Object threshold analysis was used to outline each neuron in the analyzed myenteric ganglion. Neurons that overlapped were split manually to assure that accurate counts were obtained; however, overlapping neurons were omitted when Feret's diameters were measured. Neurite length was estimated with an ImageJ plug-in for the NeuronJ software program (Abràmoff et al., 2004) . Three-dimensional reconstructions of myenteric ganglia in whole-mount preparations were obtained by deconvolution of images photographed in a Z-stack of focal planes (0.25 m). Volocity 4 (Improvision) was used for deconvolution and three-dimensional reconstruction of images.
In tissue culture preparations, neurons were assessed morphometrically in uniform areas, which were selected at random in cell-containing regions. Parameters included counts of the number of neurons per square millimeter and measurements of the length of neurites. Neurite length was defined as the distance from the boundary of the cell body to the tip of the longest branch of each identifiable neurite. Cells were omitted from the analyses when neurites of adjacent neurons overlapped so as to confound measurements by making it difficult to assign neurites to a given neuron. Comparisons were always made between cultures established at the same time. In whole mounts of LMMP, ganglia were identified and photographed using a 10ϫ objective. Fields were randomly selected for analysis; however, care was taken to be certain that the entire circumference of the bowel was sampled. Numbers of neurons were normalized to the total area examined (in square millimeters). Laminar preparations obtained from KO mice were compared with their WT littermates. Numbers obtained in this way are relative because no attempt was made to estimate the total numbers of myenteric neurons present in the colon. Preparations to be compared were immunostained simultaneously and analyzed using the same fluorescence threshold adjustments. For each tissue culture well and for each whole-mount segment, 10 microscopic fields were analyzed. For every experiment, at least three cultures or LMMP preparation of each type were analyzed and statistical comparisons were made between three and six independent experimental groups.
Statistical analysis. Data were expressed as means Ϯ SEM. Means were statistically compared by one-way ANOVA with Bonferroni's post hoc multiple-comparison tests of differences (Prism; GraphPad Software). Alternatively, an unpaired two-tailed Student t test was used when only two means were compared. In either case, p Ͻ 0.05 was taken as the level of statistical significance.
Compounds used. Drugs were prepared as stock solutions in distilled water, ethanol, or DMSO (Sigma-Aldrich) at Ͼ10 3 times the highest experimental concentration to be used. Stock solutions were stored at Ϫ20°C until used. In experiments, stock solutions of compounds were diluted in culture medium or for, in vivo use, saline. RS67506, GR113808, and N-[2-[[3-(4-bromophenyl) 
Results

Gastric emptying is delayed and small intestine transit time is slow in KO mice
Fluorescent dextran was administered to 2-month-old WT, 5-HT 4 ϩ/Ϫ (het), and KO mice by gavage to estimate the efficiency of gastric emptying and small intestinal transit (Miller et al., 1981; Moore et al., 2003; Inada et al., 2004) . To evaluate GE, the probe remaining in the stomach was determined after 20 or 45 min, whereas small bowel transit time was measured by determining the GC of the fluorescent dextran that had moved into the small intestine. GE was significantly less efficient in KO than in WT and het mice ( p Ͻ 0.01) ( Fig. 1 A) ; however, GE was similar in WT and het mice. Intestinal transit was also significantly slower in KO than in WT or het mice ( p Ͻ 0.05) (Fig. 1 B) , and again, intestinal transit was similar in WT and het animals. It is interesting that gastric emptying and small bowel transit in 5-HT 4 ϩ/Ϫ mice are equivalent to those of WT animals; therefore, it is likely that one-half of the protein is sufficient to maintain function. These observations indicate that 5-HT 4 receptors play a physiological role in gastric emptying and small bowel transit in adult mice.
The number and the size of myenteric neurons decrease as a function of age in KO mice
The densities of myenteric neurons in the colons of WT mice was determined and compared with those of KO mice at 1, 4, and 12 months of age. Antibodies to HuC/D were used to demonstrate neurons in whole mounts of LMMP (Fig. 2 A-F ). HuC/D is an RNA-binding protein that begins to be expressed soon after neural differentiation and continues to be expressed through adulthood (Marusich and Weston, 1992; Barami et al., 1995) . In the developing ENS, HuC/D immunoreactivity is acquired early in development when proliferating crest-derived precursors differentiate into enteric neurons (Young et al., 2005; D'Autréaux et al., 2007) and, in the adult bowel, is a specific neuronal marker (Graus et al., 1985; Okano and Darnell, 1997; Phillips et al., 2004; Ganns et al., 2006) . Colonic HuC/D-immunoreactive neurons were counted by using ImageJ program. At 1 month of age, the densities of colonic myenteric neurons in WT and KO mice were not significantly different (Fig. 2G) . Between 1 and 4 months, however, the relative number of myenteric neurons increased in WT ( p Ͻ 0.05) but not in KO mice (Fig. 2G) ; therefore, at 4 months, more neurons were present in WT than in KO animals ( p Ͻ 0.01) (Fig. 2G) . Between 4 and 12 months, myenteric neurons were lost in the WT colon ( p Ͻ 0.01); nevertheless, because the relative number of neurons also declined between 1 and 12 months in KO animals (Fig. 2G) , the 12-month-old WT colon contained significantly more myenteric neurons than that of KO mice ( p Ͻ 0.01) (Fig. 2G) . The number of neurons in the mammalian ENS is known to decline late in life (Santer and Baker, 1988; Johnson et al., 1998; Gabella, 2001; Wade and Cowen, 2004; Phillips and Powley, 2007) . Most studies of this phenomenon have compared young adult to extremely old animals. The current observations suggest that an early postnatal increase in myenteric neurons precedes the later decline in numbers that begins during the first year of life. A major difference between WT and KO mice is that the earlier increment in neurons is deficient in KO animals, which thus are less well prepared for the age-related decline that ultimately occurs in both WT and KO mice. These data are consistent with the idea that 5-HT 4 receptors play a role in the postnatal generation of enteric neurons.
Feret's diameter (the longest diameter that can be measured in a neuron) was determined in HuC/D-expressing myenteric neurons. Feret's diameters of colonic myenteric neurons did not differ significantly in WT and KO mice at 1 or 4 months of age (Fig.  2 H) . At 12 months, however, Feret's diameter was significantly smaller in KO mice than in their WT littermates ( p Ͻ 0.01) (Fig. 2 H) . Feret's diameter declined significantly between 1 and 12 months of age in both WT and KO mice ( p Ͻ 0.01) ( Fig. 2 H) ; however, the decrease from maximum in KO mice was more extreme. Conceivably, the size of myenteric neurons might shrink in an age-related manner that is greater in KO than WT mice. Alternatively, the decrease in the average of Feret's diameters might reflect a differential survival of neurons with larger neurons being lost in preference to smaller ones. An analysis of the cumulative frequency distribution of Feret's diameters at 1 and 12 months (Fig.  2 I) suggests that an age-associated shift of the population toward smaller diameters occurs in both WT and KO mice; however, the shift is more pronounced in KO than in WT animals. Neuronal nitric oxide synthase (nNOS) was demonstrated immunocytochemically to determine whether age and/or the deletion of 5-HT 4 receptors exert a preferential effect on a single chemically defined class of neuron. HuC/D immunoreactivity was simultaneously demonstrated to quantify the total number of myenteric neurons (HuC/ D ϭ 100% at each age) and thus to allow the proportion of nitrergic neurons to be estimated. Subsets of nitrergic neurons are inhibitory motor neurons, whereas others are myenteric interneurons. The morphology of both has been classified as Dogiel type I (Ward et al., 1992; Takahashi et al., 2000; Vannucchi et al., 2002; Phillips and Powley, 2007) . At 1 month of age, the proportion of nNOSimmunoreactive neurons did not differ significantly in WT (40.1 Ϯ 1.4%) and KO (43.6 Ϯ 1.3%) mice; however, at 12 months of age, the proportion of nitrergic neurons declined to 31.4 Ϯ 2.1% in KO animals ( p Ͻ 0.001 vs KO at 1 month) but remained stable in WT mice (39.2 Ϯ 1.8%); therefore, a selective loss of nitrergic neurons occurred over the course of the first year of life in KO mice ( p Ͻ 0.05; KO vs WT at 12 months). The deletion of 5-HT 4 receptors thus does not affect all chemically defined populations of enteric neurons equally.
Stimulation of 5-HT 4 receptors promotes neuronal survival in vitro
Because the normal maturation-associated increase in relative numbers of myenteric neurons between 1 and 4 months of age does not occur in KO mice, it is possible that 5-HT 4 receptors promote enteric neuronal growth. This hypothesis was tested on enteric neurons grown in vitro. Crest-derived progenitors of enteric neurons were isolated from E12-E13 fetal mice by immunoselection with antibodies to p75 NTR and cultured for 48 h in serum-free media in the absence or presence of either of two 5-HT 4 agonists, RS67506 or tegaserod. Enteric neurogenesis occurs at a high rate in these cultures (Gershon and Ratcliffe, 2006) . Two agonists that differ in chemical structure were examined to help verify that observed effects are related to their shared 5-HT 4 agonism. Additional verification of specificity was obtained by determining whether the 5-HT 4 antagonist, GR113808, could block agonist effects. Neurons were counted and neurite length was measured in cells identified by the immunocytochemical detection of the neuronal marker, ␤3-tubulin. Both RS67506 and tegaserod significantly increased the number of neurons developing and/or surviving in vitro (Fig. 3A-H ) . The effects of each agonist were concentration dependent; however, at high concentrations of both, promotion of survival/differentiation was lost. Although GR113808 alone had no effect, it blocked RS67506-and tegaserod-enhanced survival/differentiation (Fig. 3G,H ) . Both RS67506 and tegaserod also increased neurite length (Fig. 3I,J ) , although at higher concentrations than promotion of neuron survival/differentiation. GR113808, which exerted no effect by itself on neurite length, blocked the increase in neurite length in response to RS67506 or tegaserod (Fig. 3I,J ) .
When 5-HT 4 agonists are added to cultures of precursors immunoselected from fetal bowel, they could conceivably increase neuronal numbers either by enhancing survival, neurogenesis, or both. To determine whether 5-HT 4 agonists are neuroprotective, we determined the effect of 5-HT 4 agonists on apoptosis of neurons in vitro. Apoptosis was demonstrated by using TUNEL assay; enteric neurons were simultaneously visualized with antibodies to ␤3-tubulin and DNA was stained bisbenzimide (Fig. 4A-D) . Both RS67506 (Fig. 4E) and tegaserod (Fig. 4F) at 10 nM decreased the proportion of apoptotic cells ( p Ͻ 0.01). The response to each agonist was concentration dependent and abolished by a selective 5-HT 4 antagonist, GR113808, which exerted no significant effects by itself (Fig. 4E,F) . Because the generation of substantial numbers of enteric neurons ceases after P21 (Pham et al., 1991) , studies were performed with enteric neurons isolated from adult mice (6 -8 weeks of age). Apoptosis was again demonstrated by using the TUNEL method in preparations in which neurons were simultaneously visualized with antibodies to ␤3-tubulin and DNA was stained with bisbenzimide ( Fig. 4G-J ). RS67506 and tegaserod (10 nM) significantly decreased the proportion of cells undergoing apoptosis ( p Ͻ 0.01) (Fig. 4K) . The selective 5-HT 4 antagonist, SB204070 (10 nM), which by itself did not significantly affect apoptosis, blocked the antiapoptotic response of each 5-HT 4 agonist (Fig. 4K) . Two different 5-HT 4 antagonists, GR113808 and SB204070, thus both block the antiapoptotic actions of 5-HT 4 agonists. The effects of these antagonists on 5-HT 4 -dependent whole-cell currents in myenteric neurons have been shown to be equivalent (Liu et al., 2005) . These observations, therefore, are consistent with the idea that 5-HT 4 agonists are neuroprotective.
Stimulation of 5-HT 4 receptors promotes CREB phosphorylation in vitro 5-HT 4 receptors are known to be coupled to Gs and to signal by activating adenylyl cyclase to increase cAMP, which activates protein kinase A (PKA) (Dumuis et al., 1989b (Dumuis et al., , 1991 Torres et al., 1995) . It is thus possible that CREB, which undergoes nuclear translocation after it has been phosphorylated by PKA (Montminy, 1997; Viola et al., 2000), mediates 5-HT 4 -associated neuroprotection. pCREB has been reported to be important in concentration-dependently increased numbers of enteric neurons developing and/or surviving in culture. Although GR113808 had no effect by itself, it blocked effects of RS67506 (G) and tegaserod (H ). I, J, RS67506 (I ) and tegaserod (J ) concentration-dependently increased length of neurites. GR113808 had no effect by itself but blocked effects of RS67506 (I ) and tegaserod (J ). The DMSO-containing vehicle (G-J ) exerted no effect. Using immunoselection from fetal mice, which isolated at E12-E13 from total of eight adult female mice, derived four to six cultures of each type. *p Ͻ 0.05; **p Ͻ 0.01 versus no treatment control. Error bars indicate SEM. neuroprotection in the CNS Deisseroth et al., 1996; Bito and Takemoto-Kimura, 2003; Lucas et al., 2007) . We therefore determined whether stimulation of 5-HT 4 receptors causes the nuclear translocation of pCREB in cultured enteric neurons.
Neurons were isolated from adult LMMP (isolated at 6 -8 weeks of age), cultured, and exposed for 20 min to RS67506 or tegaserod in the absence or presence of the 5-HT 4 antagonist, SB204070, or the PKA inhibitor, H89. Controls included cultures exposed only to vehicle (DMSO), only to SB204070, or only to H89. Immunocytochemistry was used to visualize the nuclear translocation of pCREB and in-cell ELISA was used to quantify pCREB immunoreactivity, which was expressed as the pCREB/ CREB ratio (normalized to that observed in vehicle-treated cultures). Neurons were identified with antibodies to the heavy subunit of the neurofilament triplet (NF-H). Little pCREB immunoreactivity was visualized in neurons cultured with vehicle (Fig. 5A ) or with SB204070 alone (Fig. 5B) . In contrast, intense nuclear pCREB immunoreactivity was seen in cultures exposed to RS67506 (Fig. 5C) or tegaserod (Fig. 5D ). Both RS67506 (Fig. 5E ) and tegaserod (Fig. 5F ), furthermore, increased the pCREB/CREB ratio over that seen in the presence only of vehicle, SB204070, or H89 ( p Ͻ 0.05) (Fig. 5E,F ) . SB204070 (10 nM) and H89 (100 nM) both blocked the RS67506-and the tegaserodstimulated increase in the pCREB/CREB ratio ( p Ͻ 0.01) (Fig.  5E,F ) . These observations are consistent with the idea that activation of PKA and pCREB mediate 5-HT 4 -promoted enteric neuronal survival.
5-HT 4 agonists promote neurogenesis in adult mice
To detect the generation of new enteric neurons in adult mice, BrdU was infused continuously for 7 d by means of an osmotic minipump, which was implanted into the peritoneal cavity of adult male mice at the age of 6 weeks at least. The continuous The arrow points to a neuron undergoing apoptosis. Scale bar, 16 m. E, F, The numbers of apoptotic neurons were quantified in cultures exposed to DMSO (vehicle control), either of two 5-HT 4 agonists (RS67506 or tegaserod), in the absence or presence of the 5-HT 4 antagonist, GR113808. Data were normalized to the vehicle control. Both RS67506 (E) and tegaserod (F ) decreased apoptosis (**p Ͻ 0.01 vs control at 10 nM). The effect of each was abolished by GR113808. GR113808 exerted no effect of its own. Using immunoselection from fetal mice, which isolated at E12-E13 from total of six adult female mice, derived three to six cultures of each type. G-K, Adult mice: 5-HT 4 agonists applied to cultures of isolated myenteric neurons. G, DNA stained with bisbenzimide. H, Apoptosis demonstrated by TUNEL assay. I, Enteric neurons visualized with antibodies to ␤3-tubulin. J, Merged image. The arrow and arrowhead point to neurons in different stages of apoptosis. Scale bar, 20 m. K, The numbers of apoptotic neurons were quantified in cultures exposed to DMSO (vehicle control), either of two 5-HT 4 agonists (RS67506 or tegaserod), in the absence or presence of the 5-HT 4 antagonist, SB204070. Data were normalized to the vehicle control. SB204070 exerted no effect of its own (left panel). Both RS67506 (middle panel) and tegaserod (right panel) decreased apoptosis (*p Ͻ 0.01 vs control at 10 nM). The effect of each was abolished by SB204070. The number of mice was six. The number of cultures per treatment was three to six. Error bars indicate SEM.
infusion was used to allow BrdU to be incorporated into the DNA of enteric neuronal precursor cells, even if they infrequently undergo a terminal mitosis. The infusion was followed by a varying periods of chase to allow dividing cells to dilute BrdU and dissipate labeling (Miller and Nowakowski, 1988 ; del Rio and Soriano, 1989; Nowakowski et al., 1989; Wojtowicz and Kee, 2006; Taupin, 2007) . Whole mounts were examined immediately after BrdU infusion and then after intervals of chase (Fig. 6 A) . To determine whether 5-HT 4 receptors promote neurogenesis, a 5-HT 4 agonist, either RS67506 or tegaserod, was infused together with BrdU for 7 d and were also included in the drinking water during the chase. Control groups (KO mice and their WT littermates) were evaluated with vehicle in the absence of a 5-HT 4 agonist in the osmotic minipump and drinking water. DNA was demonstrated with bisbenzimide (bis), and BrdU-labeled cells were immunocytochemically identified with typespecific markers.
Immediately after BrdU infusion (Fig. 6 A) , only a small number of BrdU-labeled cells were detected inside myenteric ganglia in WT mice (Fig. 6 B) . BrdU immunoreactivity was coincident with bisbenzimide (bis)-stained DNA (Fig. 6C ) and was found in cells with S100␤ immunoreactivity (Bishop et al., 1985; Young et al., 2003) (Fig. 6 D) . The BrdU-labeled cells, therefore, were enteric glia (Fig. 6 B-E) . At this time, no intraganglionic HuC/Dimmunoreactive cells were labeled with BrdU. Often, adjacent glia were BrdU labeled. These "doublets" were probably the daughter cells of a recent mitotic event. After 2 weeks of chase, BrdU-labeled glia were no longer detectable in myenteric ganglia, either in the presence or absence of a 5-HT 4 agonist.
After 2-4 weeks of chase, BrdU labeling of cells in a neuronal lineage was detected; this labeling was extraganglionic and 5-HT 4 agonist dependent (Fig. 7C-H ) . In the absence of a 5-HT 4 agonist, virtually no coincident expression of BrdU and HuC/D immunoreactivities was seen in myenteric ganglia after 2 weeks of chase (Fig. 7A) ; moreover, 5-HT 4 agonists failed to stimulate the incorporation of BrdU into HuC/D-expressing cells inside or outside of ganglia in KO mice (Fig. 7B) . In contrast, in WT animals, 5-HT 4 agonists did, in fact, stimulate the incorporation of BrdU into small cells that displayed prominent punctate HuC/D immunoreactivity ( Fig. 7C-F ) . These BrdU-labeled HuC/Dimmunoreactive cells occurred in animals treated either with RS67506 ( Fig. 7C-E) or tegaserod (Fig. 7F ) and were found in extraganglionic clusters [visualized on focal planes that differed from those of myenteric ganglia (Fig. 7E) ]. These doubly labeled extraganglionic cells were encountered in both small (Fig. 7C,E ) and large intestine (Fig. 7D,F ) . The punctate nature of the HuC/ D-expressing extraganglionic BrdU-labeled cells was different from that of the mature neurons in myenteric ganglia. Because they expressed the neural marker, HuC/D, the BrdU-labeled cells were tentatively identified as neuronal progenitors; thus, the extraganglionic regions in which they were located were called "germinal niches." These niches were located between myenteric ganglia that visualized by the PGP9.5 immunostaining of mature neurons (Wilkinson et al., 1989) (Fig. 7G,H ) and the longitudinal muscle. To locate germinal niches more precisely, a threedimensional z-stack of images was obtained and subjected to deconvolution (see supplemental figures and movies, available at www.jneurosci.org as supplemental material). The vertical distance from the edge of BrdU-labeled cells in a germinal niche to the closest neurons in an adjacent myenteric ganglion was 10 -15 m after 2 weeks of chase.
Experiments were performed to test the idea that the BrdUlabeled cells in germinal niches were neuronal progenitors. One type of experiment was to determine whether, as in the CNS, the newly generated BrdU-labeled cells expressed the microtubuleassociated protein, doublecortin (DCX) (Fig. 7G,H ) . In the CNS, DCX is a transient marker of newly generated neurons that are migrating to their final destination ; Gleeson pCREB and total CREB immunoreactivities quantified in myenteric neurons isolated from adult mice. Both RS67506 (E) and tegaserod (F ) increased the pCREB/total CREB ratio significantly at 10 nM. SB204070 (10 nM) or a PKA inhibitor, H89 (100 nM), blocked the response to both agonists. Neither SB204070 nor H89 affected the pCREB/total CREB ratio when applied individually. Data were normalized to the vehicle control. The number of mice was six. The number of cultures per treatment was three to six. *p Ͻ 0.05; **p Ͻ 0.01 versus vehicle control. Error bars indicate SEM. et al., 1999; Horesh et al., 1999; Rao and Shetty, 2004; Magavi and Macklis, 2008; Wang et al., 2008) . DCX is downregulated in the CNS when migrants mature in their final destinations. The other type of experiment was to determine the position of HuC/DBrdU-colabeled cells as a function of time of chase after BrdU infusion. If the HuC/D-BrdU-colabeled cells were neuronal progenitors that migrate into myenteric ganglia from their site of generation in germinal niches, they might, like their CNS counterparts, be DCX-immunoreactive, the distance between these cells and myenteric ganglia would be an inverse function of the time of chase, and the cells would eventually enter ganglia. BrdUlabeled cells in germinal niches were labeled with antibodies to DCX after 4 weeks of chase (Fig. 7G,H ) .
After 4 weeks of chase (Fig. 8 B; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), the small HuC/ D-BrdU-colabeled cells appeared to be located closer to myenteric ganglia than at 2 weeks (Fig. 7C,D) ; however, analyses of z-stacks of sequential optical sections revealed that they were still extraganglionic from 4 to 16 weeks (Fig. 8 A-C; supplemental Figs. 1, 2 and movies 1, 2, available at www.jneurosci.org as supplemental material). The optical plane containing a germinal niche (Fig. 8 A, left panel) was thus below that of the nearest myenteric ganglion (Fig. 8 A, right panel) . After 16 weeks of chase ( Fig. 8C; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), the HuC/DBrdU-colabeled cells were closely apposed to myenteric ganglia, sometimes within their sheath. By 24 weeks of chase, HuC/ D-BrdU-colabeled neurons finally were detected within myenteric ganglia ( Fig.  8D; supplemental Fig. 3 , available at www. jneurosci.org as supplemental material). These data are consistent with the idea that myenteric neurons are generated in specialized germinal niches and then migrate slowly toward ganglia, which they enter between 16 and 24 weeks after their birth. The observations suggest that newly generated neurons are small when they insert into ganglia (Fig. 8 D) .
It is noteworthy that, in contrast to the situation that immediately followed BrdU infusion, after 2 weeks of chase, no evidence of BrdU incorporation into glia was obtained, even when animals were exposed to 5-HT agonists (RS67506 or tegaserod) up to 10 weeks. After 4 weeks of chase, glial markers examined for possible colocalization with BrdU included brain fatty acid binding protein (B-FABP) (Fig.  9A) (Kurtz et al., 1994; Schnütgen et al., 1996; Young et al., 1996; Young et al., 2003) , glial fibrillary acidic protein (GFAP) (Fig. 9B) Mirsky, 1980, 1985) , and S100␤ (Fig. 9C) . In mice, 5-HT 4 receptors have been detected in enteric neurons and interstitial cells of Cajal but not in glial cells (Liu et al., 2005; Poole et al., 2006) ; therefore, enteric glia are not responsive to 5-HT 4 agonists. It seems more likely, however, that the absence of glial labeling with BrdU is attributable to the rapid rate of enteric glial turnover; even without apparent injury, enteric glia behave like reactive astrocytes (Bush et al., 1998 (Bush et al., , 1999 Bush, 2002) . The dilution of BrdU in glia, which continues to divide during the chase period, thus probably eliminates their labeling.
In contrast to glia, 5-HT 4 agonists induced the BrdU labeling of cell germinal niches that displayed the immunoreactivities of transcription factors/intermediate filament proteins that mark crest-derived precursors during gut development, including Sox10 (Fig. 9D,E 2 ) (Herbarth et al., 1998; Southard-Smith et al., 1998; Maka et al., 2005) , Phox2b (Fig. 9E 1 ,E 2 ) (Pattyn et al., 1999) , and nestin (Fig. 9F 1 ,F 2 ) (Steinert et al., 1999; Chou et al., 2003) . The antibodies to Sox10 do not cross-react with the related Sox8 or Sox9, which also appear in developing ENS precursors (Stolt et al., 2003; Maka et al., 2005) . The distribution of BrdU-labeled cells was irregular, sparse, and extraganglionic, making it difficult to quantify cells that coexpressed HuC/D (Fig. 9D,E 1 ,F,G) , Sox10 (Fig. 9D) , Phox2b (Fig. 9E 1 ) , or nestin (Fig. 9F 1 ,F 2 ) with BrdU. The germinal niches in which BrdU/Hu-immunoreactive cells were sometimes relatively numerous, were often close to ganglia, but below them, between a ganglion and the longitudinal muscle after 4 weeks of chase (Fig. 9G) .
A subset of cells that incorporated BrdU after RS67506 stimulation of 5-HT 4 receptors and 4 weeks of chase was Musashi-1 (Msi1)-immunoreactive (Fig. 9H ). Msi1 is a marker for stem Figure 6 . BrdU is incorporated into nuclei of glia when myenteric ganglia are examined in the absence of chase (immediately after BrdU infusion). A, A diagram showing the timing of BrdU administration (applies to all subsequent figures). BrdU was infused for 7 d in the presence or absence of 5-HT 4 agonists and subsequently subjected to periods of chase that ranged from 0 to 6 months. The arrows indicate the times at which animals were killed for analysis. B-E, BrdU incorporation was examined in the absence of chase (immediately after BrdU infusion). A three-color Z-stack of images was obtained by using deconvolution microscopy. The plane illustrated passes through the level with maximal BrdU immunoreactivity. B, BrdU-labeled nuclei (arrow and arrowhead) in myenteric ganglia. C, DNA stained with bisbenzimide (bis) (the arrow and arrowhead point to the nuclei that incorporated BrdU). D, S100␤ immunoreactivity marking enteric glia (the arrow and arrowhead point to the nuclei that incorporated BrdU). E, Merged image (the arrow and arrowhead point to glia that incorporated BrdU). Scale bar, 6 m. cells in the fetal and adult CNS and intestinal epithelium (Nagata et al., 1999; Kaneko et al., 2000; Nishimura et al., 2003; Potten et al., 2003; Fukui et al., 2006) . Although epithelial Msi1-labeled cells have been detected with immunocytochemistry and in situ hybridization in mouse intestinal epithelial crypts and serosa (Potten et al., 2003; May et al., 2008) , this is the first report of Msi1-immunoreactive cells associated with the ENS. The cells with coincident BrdU and Msi1 labeling were adjacent to myenteric ganglia and near HuC/Dimmunoreactive cells (Fig. 9H ) . Rarely, punctate perinuclear HuC/D immunoreactivity could be detected in BrdU-labeled Msi1-immunoreactive cells (Fig. 9H ) . The appearance of these rare triply labeled cells is consistent with the possibility that Msi1-immunoreactive stem cells that incorporated BrdU during a terminal mitosis were fixed while in transition to becoming HuC/D-immunoreactive neurons. Because Msi1 immunoreacvtivity in the intestine has previously been located mostly in the mucosa, immunoblots were performed to verify antibody specificity. Tissue lysates were derived from mechanically isolated preparations of intestinal mucosa, LMMP, and hippocampus (Fig.  9I ). Antibodies to ␣-tubulin were used as loading control. A size-appropriate ϳ39 kDa Msi1-immunoreactive band was found in all three preparations; relatively, more Msi1 immunoreactivity was detected in the intestinal mucosa than in either the LMMP or hippocampus. The extraganglionic locations of BrdU-labeled cells that coexpress Msi1 and/or markers of ENS precursors and the timedependent translocation of BrdU-labeled neurons into ganglia fit the model shown diagrammatically in Figure 9J .
To verify that uptake of BrdU was 5-HT 4 dependent, experiments were performed in LMMP preparations from KO mice and their WT littermates after 4 weeks of chase, and BrdU incorporation was quantified by using in-cell ELISA (Fig.  9K ) . The administration of DMSO/saline was used as a vehicle control. Treatment of WT mice with RS67506 or tegaserod significantly increased BrdU incorporation ( p Ͻ 0.01) (Fig. 9K, left panel) . In contrast, neither RS67506 nor tegaserod was able to increase BrdU incorporation in KO mice ( p Ͻ 0.01) (Fig. 9K, right  panel) . In fact, tegaserod, which is a 5-HT 2B antagonist as well as a 5-HT 4 agonist (Beattie et al., 2004) , reduced the incorporation of BrdU to a level that was significantly below that seen in control KO mice. 5-HT 2B antagonism in tegaserod may be responsible for this effect; 5-HT 2B receptors have been demonstrated in fetal bowel to promote neurogenesis, and, although downregulated, they are retained in the adult ENS (Fiorica-Howells  et al., 2000) . (Hu and Phox2b, myenteric neurons; Sox10, enteric glia) . Note that mature neurons in C-F are intraganglionic and thus located in a focal plane that is different from that of the BrdU-immunoreactive extraganglionic germinal niche cells that coimmunostain with antibodies to HuC/D, Sox10 (D), Phox2b (E 1 ), or nestin (F 1 , F 2 ) . G, In a WT mouse treated with RS67506, the cells that incorporate BrdU are located on a focal plane that is different from that of myenteric neurons labeled with HuC/D after 4 weeks of chase. Scale bar, 16 m. H, WT mouse, RS67506-treated, 4 weeks chase. Cells that display 5-HT 4 -stimulated BrdU incorporation are Msi1 immunoreactive, which are adjacent to myenteric ganglia or near HuC/Dimmunoreactive neurons. The Msi1-immunoreactive cell that incorporated BrdU appears to be acquiring perinuclear HuC/D immunoreactivity (arrow). This cell may be in transition from a stem or precursor cell to a progenitor in a neuronal lineage. Scale bar, 16 m. I, Immunoblot. Msi1 immunoreactivity (39 kDa) can be detected not only in the intestinal mucosa and hippocampus but also in the intestinal LMMP. Antibodies to ␣-tubulin (55 kDa) were used as loading control. J, Presumed model to explain the extraganglionic location of BrdU-labeled cells that coexpress markers associated with crest-derived neural/glial precursors. Stem cells are located outside of ganglia, in which the terminal mitoses of neuronal precursors occur; progeny committed to a neuronal lineage then slowly migrate into ganglia. K, In-cell ELISA quantitation of BrdU incorporation into myenteric neurons isolated from LMMP of adult mice after 4 weeks of chase. Data are normalized to the vehicle controls for WT and KO mice (white bars). Exposure of WT mice to RS67506 or tegaserod significantly increased BrdU incorporation ( **p Ͻ 0.01 vs WT). Neither RS67506 nor tegaserod increases BrdU incorporation in KO mice; tegaserod exposure reduced BrdU incorporation in the KO animals ( **p Ͻ 0.01 vs KO). The number of mice per group was six. Error bars indicate SEM. bulbs) at the viable ends of damaged nerve fibers (Dickson et al., 2007; Ertürk et al., 2007) . A small number of retraction bulbs are normally found in LMMP preparations, because the dissection involved in making LMMP preparations damages nerve fibers extending from the myenteric plexus to inner gut layers; however, the numbers of peripherin-immunoreactive retraction bulbs in LMMP preparations from KO mice were significantly greater (141.1 Ϯ 17.9%) than in those of WT mice ( p Ͻ 0.01; n ϭ 3). The evidence of constitutive nerve terminal damage in KO mice is consistent with the idea that 5-HT 4 receptors contribute to maintenance of myenteric nerve terminals.
Damage or recurrent degeneration of their terminals would be expected to be stressful for myenteric neurons; nevertheless, the TUNEL method failed to reveal apoptotic neurons in these animals (data not shown). It thus seems likely that myenteric neurons are able to survive the damage caused by 5-HT 4 depletion. Autophagy can enable neurons to remove damaged cytosol or organelles to survive (Bredesen et al., 2006; Klionsky et al., 2008) . To compare the extent of autophagy in WT and KO mice, the marker, microtubule-associated protein 1 light chain 3B (LC3B) (Kabeya et al., 2000; Klionsky et al., 2008) was demonstrated immunocytochemically. Ganglia were also examined by electron microscopy. Little LC3B immunoreactivity was seen in myenteric neurons or the ganglionic neuropil in WT mice (Fig. 10 E) . In contrast, LC3B immunoreactivity was extensive in KO littermates (Fig. 10 F) . A 16 kDa single LC3B immunoreactivity band was found in immunoblots of membrane fractions isolated from LMMP preparations of WT and KO colons (Fig. 10G) . The relative intensity of LC3B immunoreactivity in KO mice, normalized to ␣-tubulin, was significantly greater than that in WT littermates ( p Ͻ 0.01; n ϭ 3) (Fig. 10G) .
Electron microscopy (EM) was used to confirm the immunocytochemical data suggesting that neurites degenerate and autophagy occurs in the KO mice ENS. Because autophagy is a dynamic and continuous process, many stages of the process are found in electron micrographs, ranging from the earliest sequestering phagophore to the final autophagolysosome, which contains cytoplasmic structures in various stages of digestion (Klionsky et al., 2008) . To examine the myenteric plexus, thin sections were cut through flat mounts of colon in the plane of the ganglia. Autophagy was found to be very rare in the ganglia of WT mice, and when it occurred, autophagic structures were small and limited to restricted regions of the cytoplasm of otherwise normal appearing neurons or neurites (Fig.  10 H) . In contrast, in KO mice, autophagic structures were large, abundant, and most common near synaptic specializations (Fig.  10 I,IЈ) . Changes, which included distention of cisternae of the endoplasmic reticulum, mitochondrial swelling, and the presence of vacuoles in the cytoplasm were also seen in some nerve cell bodies (not illustrated). The extensive autophagy in the ENS of KO mice may be an injury response in which damaged organelles and/or neurons are eliminated; alternatively, autophagic death might account for the loss of neurons that occurs without detectable apoptosis in KO mice.
Discussion
Neurogenesis is now known to occur throughout life in the subventricular zone (SVZ) of the lateral ventricles and in the subgranular zone of the dentate gyrus of the hippocampus (Zhao et al., 2008) . Changes in physiological activity or pathological events can regulate the rate and extent of neurogenesis in both of these regions. After their generation, new neurons migrate to definitive locations, such as the olfactory bulb, which may be quite distant from the site of their birth, in this case, the SVZ. Newly generated neurons, moreover, can integrate into existing brain circuits and receive functional connections. Adult neurogenesis has been much less studied in PNS ganglia than in the brain. Sensory ganglia contain neural crest-derived precursors that can proliferate and give rise to neurons in vitro , and in vivo neurogenesis is provoked by capsaicinmediated destruction of existing neurons in rat nodose ganglia (Czaja et al., 2008) . In contrast, addition of primary sensory neurons in the adult rat trigeminal ganglion has been reported to occur, not as a result of the terminal mitosis of postnatal precursors, but because of the protracted maturation of postmitotic progenitors (Lagares et al., 2007) . In common with other PNS ganglia, the adult ENS contains stem cells that can, in vitro, give rise to neurons Kruger et al., 2002; Bondurand et al., 2003; Almond et al., 2007; Estrada-Mondaca et al., 2007; Lindley et al., 2008) . Despite the repeated demonstration of precursors in the ENS that are capable of in vitro neurogenesis, that process has proven to be difficult to demonstrate in vivo.
Neurons are generated in the ENS during the early postnatal period, and injections of 3 H-dT or BrdU in mice have demonstrated that their birthdays continue through day P21. The ENS, however, continues to enlarge after P21 as the bowel grows in length and diameter, suggesting that neurons continue to be generated (Geuna et al., 2002) . Indeed, this process was documented in the current study in which relative enteric neuronal numbers increased in WT mice between 1 and 4 months after birth. This increase evidently occurs at too low a rate to be detected by a single pulse of 3 H-dT and thus was not seen in the previous study of enteric neuronal birthdays (Pham et al., 1991) . That the normal age-and growth-related increase in neurons failed to occur in 5-HT 4 KO mice is consistent with the possibility that it is 5-HT 4 dependent. Alternatively, it is possible that neuronal numbers fail to increase between 1 and 4 months in 5-HT 4 KO mice because they are anorexic and eat poorly Jean et al., 2007) . Enteric neurons also increase significantly in numbers proximal to intestinal obstructions (Gabella and Trigg, 1984; Geuna et al., 2002) . Because this increase occurs in the absence of detectable mitotic figures, obstruction-induced increases in neurons have been attributed to the differentiation of previously dormant postmitotic progenitors.
Several factors explain why neurogenesis might be difficult to demonstrate even though the postnatal ENS retains stem cells. A low rate of neuronal birthdays would be likely to escape detection by a single systemic injection of BrdU because the coincidence of a terminal mitosis occurring during the relatively short period of time that BrdU is circulating and available for uptake would be a rare event. Newly generated neurons, moreover, might arise in specialized locations and migrate into ganglia. If so, the correct sites would have to be examined to enable enteric neurogenesis to be detected. Conceivably, physiological or pathological stimuli that increase enteric neurogenesis might also be needed to facilitate the detection of neurogenesis. To test the hypothesis that neurogenesis occurs in adult bowel, we administered BrdU continually for 7 d to allow newborn neurons to accumulate and we applied a 5-HT 4 agonist to increase neurogenesis; in addition, we examined whole mounts of laminar preparations, so as not to miss putative germinal niches should they exist in extraganglionic locations.
Even a long-term administration of BrdU did not, by itself, cause BrdU to be incorporated into enteric neurons. In contrast, exposing the bowel to a 5-HT 4 agonist along with long-term BrdU administration induced BrdU to label cells that also expressed markers of cells in a neuronal lineage. These markers included the immunoreactivities of HuC/D, DCX, Sox10, Phox2b, and nestin. The cells that exhibited BrdU and punctate HuC/D immunoreactivity were found in germinal niches between myenteric ganglia and the longitudinal smooth muscle layer. Proximity of BrdU-HuC/D-labeled cells to ganglia was inversely related to the length of chase after BrdU administration; after 24 weeks, they were intraganglionic and appeared to be small neurons. These observations suggest that enteric neurogenesis occurs in vivo, but at too low a rate to be detected unless the rate is increased by a stimulus, such as activation of 5-HT 4 receptors. Stimulation of 5-HT 4 receptors has also been reported to enhance neurogenesis in the CNS (Lucas et al., 2007) .
5-HT 4 agonist-promoted enteric neurogenesis was probably 5-HT 4 receptor specific. Two agonists with different chemical structures, RS67506 and tegaserod, were each effective, and the response was observed in WT but not in KO mice. 5-HT 4 receptors, furthermore, are probably significant postnatal regulators of neurogenesis and/or survival because the increase (1-4 months) in the number of enteric neurons that is normally seen during the maturation of the bowel in early life did not occur in KO mice. As a result, the decline in neuronal numbers, which occurred between 4 and 12 months in both WT and KO animals, was more severe in KO mice. These differences could be explained by a deficiency in enteric neurogenesis and/or survival in KO mice. Neither the TUNEL method nor EM, however, was able to detect apoptotic neurons in either WT or KO bowel. In contrast, autophagy was prominent in the ENS of KO mice and substantial numbers of retraction bulbs were found in neurites within the circular muscle, tertiary plexus, and myenteric ganglia. Conceivably, autophagy might help neurons survive damage to distal neurites (Bredesen et al., 2006; Klionsky et al., 2008) . In any case, the increased autophagy in KO animals suggests that 5-HT 4 receptors contribute to maintenance of the ENS.
To determine whether 5-HT 4 receptor stimulation is neuroprotective, enteric neurons from fetal and adult mice were grown in vitro. Under culture conditions, many neurons normally undergo apoptosis. 5-HT 4 agonists (RS67506 and tegaserod) significantly enhanced neuronal survival and decreased apoptosis. RS67506 and tegaserod also promoted neurite extension in vitro. Each of these effects were 5-HT 4 specific in that they were blocked by a 5-HT 4 antagonist, GR113808 or SB204070. RS67506 and tegaserod, moreover, each promoted the phosphorylation and nuclear translocation of CREB in vitro. The 5-HT 4 agonistinduced activation of CREB was also blocked by SB204070 and by the PKA inhibitor, H89, and was thus specific. These effects are consistent with the idea that enteric neuronal 5-HT 4 receptors are coupled to Gs, cAMP, PKA, and pCREB (Dumuis et al., 1989b (Dumuis et al., , 1991 Torres et al., 1995; Lambert et al., 2001) . pCREB, moreover, has been shown to promote neuronal survival (Nakagawa et al., 2002; Bito and Takemoto-Kimura, 2003) . 5-HT 4 agonists thus activate PKA-and pCREB-dependent survival pathways in enteric neurons.
Gastric emptying and intestinal motility were slower in KO than in WT mice. The results of these experiments confirm that the 5-HT 4 receptor is physiologically important and that function is diminished when the receptor is missing. Although a loss of the prokinetic action of the 5-HT 4 receptor might explain the delay in gastric emptying and slowed intestinal transit seen in KO mice, the observations are also compatible with a loss of neurons in KO mice. The most parsimonious explanation of these phenomena is that the 5-HT that is normally released from EC cells or enteric serotonergic neurons stimulates presynaptic 5-HT 4 receptors. These receptors enhance the amplitude of EPSCs (Galligan et al., 2003; Liu et al., 2005) and thus strengthen neurotransmission in prokinetic pathways. The difference between WT and KO mice suggests that 5-HT 4 receptors are required for normal GI motility. Because fewer neurons are present in the ENS of KO than WT mice, however, a paucity of neurons, as well as a presynaptic action of the 5-HT 4 receptor, could account for slow motility in KO mice. Although normal GI motility would thus seem to require that 5-HT 4 receptors be stimulated, the receptor might be needed to mediate serotonergic maintenance of the ENS instead of, or in addition to, mediating serotonergic effects on enteric neural reflexes. Long-term studies that assess the ability of 5-HT 4 agonists to prevent the decrease in enteric neurons by aging are in progress. The current studies suggest that it would be useful to determine whether 5-HT 4 agonists can be used to promote enteric neuronal survival and/or neurogenesis in human subjects with disorders that cause or result from ENS damage. Whether or not they turn out to be therapeutically valuable, the ability of 5-HT 4 receptors to unmask a regulation of enteric neurogenesis in adult animals suggests that the mature ENS is capable of an unexpected degree of plasticity.
